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Abstract 
The purpose of this study is to investigate the influence of parameter variation in human running model on cushioning efficiency 
of passive load at ground reaction force. The shock attenuation with various patterns of parameter sets were calculated in runner-
surface coupled system by parameter sensitivity tests. In conclusion, significant differences of shock attenuation were observed 
even in same subject and same running speed because of wide variation of runner model parameters. Additionally, the range of 
variation of shock attenuation in soft surface was significantly bigger than that of hard surface when the runner parameter was 
changed ±3% from original parameter. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
One of the most important functions of sports surfaces is to protect athletes from injuries. To evaluate this 
property of the surfaces, shock attenuation tests have been generally adopted. For example, the tests of the I.A.A.F. 
(International Association of Athletics Federations) [1] and DIN (Deutsches Institut für Normung) [2] focus on the 
vertical shock attenuation through the dropping mass spring model on sports surfaces. Although the test results may 
be reproduced and the criteria for evaluations are very strict, the method may have an issue of ‘particularity’, since 
the material behavior alters when the mechanical properties of the dropping mass spring systems are changed. This 
means that the results of these tests strongly depend on a set of parameters for producing impact force, i.e. mass, 
spring constant and impact velocity. In other words, different results of shock attenuation would be observed even if 
exactly the same two impact forces produced by different sets of these parameters were applied to the same surface. 
Therefore, these mechanical tests only show the response of a certain testing conditions, and the elements 
comprising the impact force are very important for the shock attenuation evaluation. For efficient evaluation of 
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various conditions, we proposed to evaluate the sports surface properties by computer simulation instead of 
mechanical tests. Although Liu and Nigg reported the influence of mass and mass distribution on the passive load in 
ground reaction force with rigid and wobbling mass model [3], the conditions of the simulation were limited and the 
runner model was not enough to represent the ground reaction force precisely. Therefore, we have proposed the 
evaluation method with runner-surface coupled system constructed by viscoelastic surface model which can 
represent the behavior of the transient response [4, 5] and a viscoelastic runner model which can represent the 
vertical ground reaction force in steady pace running well [6]. In previous study, considerations of shock attenuation 
in passive load were done with relative low running speed and only one subject [7]. The purpose of this study is to 
make a further investigation of attenuation of passive load in ground reaction force with runner-surface coupled 
Fig. 1. Passive load in ground reaction force and runner-sport surface coupled model. 
Table 1. The parameter set of runner model identified by parameter identification in each subject and relative standard error (RSE) between 
the experimental ground reaction force and the estimated force. Three trials were selected to compare the difference of each parameter. 
Table 2. The parameter set of surface model identified by parameter identification method using multi-intensity impact test. 
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system by using parameter sensitivity test when the parameters in runner model and surface model would be 
changed.  
2. Method 
2.1. Experiments for parameter identification of the runner model and surface model 
Figure 1(a) shows a typical ground reaction force of steady pace heel-toe running. Although the two degrees of 
freedom model was adopted for identification of vertical runner model in previous study [6], mass m2 was added to 
improve the stability of the simulation in this study (Figure 1(b)). The surface model in Figure 1(c) consisted of 
nonlinear elasticity and viscosity represented by exponential function of deformation and deformation velocity. 
Experiments for two runners and three surfaces were done separately. Seven steady pace running trials with running 
speed from 2.54m/s to 5.68m/s were recorded in each subject. In each trial, the vertical ground reaction force at one 
step was recorded by force platform, and the contact velocity and the rebound velocity of C.G. of whole body were 
calculated from the video analysis. These data were used for parameter identification of the runner model for each 
trial. On the other hand, the parameter sets of three surfaces: soft(Ht), medium(Mt) and hard(Yt) surfaces were 
identified by multi-intensity impact test proposed in previous study [4]. The results of identified parameters and the 
accuracies in two subjects and three surfaces are shown in Table 1 and 2.  
2.2. Runner-surface coupled system 
As shown in Figure 1(b, c), the runner model and the surface model were connected to simulate the influence of 
the parameter change in runner model on the passive load attenuation. Followings are the equation of motion of the 
runner-surface coupled system. 
(1) 
(2) 
(3) 
(4) 
where g is the gravity constant, m0, k0, p0, cc, qc, cr, qr, m1, k1, c1, m2, k2 and p2 are parameters of runner model 
and sk0, sp1, sp2, sc0ࠥ2, sr0ࠥ2 and sq0ࠥ2 are parameters of surface model. Mass m2 was incorporated for stability of 
simulation and fixed to 0.1kg, corresponding to shoe weight. Because of the restriction of body mass, m0/m1 was 
treated as one parameter. Therefore, 11 parameters are identified for one running trial. In other words, vertical 
ground reaction forces in various running are represented by its own unique set of 11 parameters. If a set of these 
parameters and a vertical contact velocity of the model are provided, the simulated ground reaction force can be 
calculated. Furthermore, the shock attenuation of the passive load by the surface model is calculated with runner-
surface coupled system.  
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2.3. Sensitivity test and force reduction (FR) 
Sensitivity test of the runner parameter was executed to consider the influence of parameter variation on the 
passive load attenuation. Each parameter of the runner model would be changed from 97% of original value to 
103% with 0.5% steps. The range of variation was decided ±3% because the parameters of each trial seemed to have 
strong relationship. It means large change of the parameter might results in impossibility of simulation. 
To evaluate the shock attenuation of passive load, Force Reduction (FR) was defined as follows:  
            (5) 
where Fmax(par)n is the maximum force of passive load in simulated force when the running model was dropped on 
the concrete floor. fmax(par)n is the maximum force of passive load in case of onto the surface model. Suffix (par)
indicates the parameter selected to change in the sensitivity test and n means the magnification value from the 
original value. Therefore, FR(k0)0.97 means the FR value calculated from the passive load without surface and with 
surface in which the parameter k0 is set to 97% of its original value. FR(k0)1.0 means the FR value calculated from the 
original value of k0. The influence of variation of parameter in runner model is considered by comparing with FR
and FR(par). 
3. Results 
3.1. FR values in various subject-surface combinations 
Table 3 shows the FR values calculated with original parameter set of each running trial and all surfaces. In each 
running trial, FR value of soft surface (Ht) is the highest and the medium (Mt) is the second, the hard surface (Yt) 
always has the lowest value. It is clear that the difference of hardness of the surface directly reflects the shock 
attenuation: the shock attenuations of the soft surface were significantly bigger (p < 0.01) than that of hard surface 
even in various situations, i.e. the various running velocities and different subjects. However, the wide range of FR
values were observed among the trials in each surface, even between two trials that had almost same running 
velocities in same subject. For example, although the trial H6 and H7 had almost same running velocities, 5.66m/s 
and 5.68m/s, the FR value of H6 in soft surface was 14.19% and that of H7 was 6.17%, and the FR value of H6 in 
hard surface (4.71%) was about 3.2 times of that of H7 (1.48%). Furthermore, the FR value in H1-Ht(soft)
combination is evidently lower than that of H6-Yt(hard) combination. This trend was also observed in subject E. 
The large variation of FR value among the trials may be due to the large variations of the runner parameters. As 
shown in Table 1, some parameters in H6, i.e. k0, cr, k1and k2, were quite different from that of H7. 
Table 3. Running velocity and FR (Force Reduction) value of each trial and surface.
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3.2. Influence of parameter change on the FR value with sensitivity test 
Because of the significant differences between FR values in trials, RFR(Relative Force Reduction) was 
introduced for comparing the influence of parameter change on the FR values between trials. The RFR is defined as 
follows: 
 (7) 
RFR(par) means the ratio of FR(par)n compared to the FR(par)1.00 calculated from original parameter set. Figure 2 
shows the RFR(k0) and RFR(c1) values with surface Ht(soft) in subject H. In each trial, RFR values keep increasing or 
decreasing while the parameter magnification changes from 0.97 to 1.03. Although this trend is observed in other 
parameters and in other subject, the different patterns of RFR(par) values were observed in other parameters. Even in 
H6 and H7, which had almost same running velocities, they had a different pattern of RFR.  
To consider the influence of parameter change on the passive load attenuation, the VFR(Variation of Force 
Reduction) were calculated in all combinations of parameters, trials, subjects and surfaces. The VFR is defined as 
follows: 
(8) 
The value of VFR(par) is calculated by subtracting the value of FR(par)0.97 from the value of FR(par)1.03. Figure 3 
shows the VFR(k1) and VFR(cc) values in various combinations of running trials, surfaces and subjects. The results 
show that the VFR values of soft surface (Ht) were significantly higher than that of hard surface (Yt) at each trial in 
subject H (p < 0.01). This trend was also observed in subject E with p < 0.01 in both case of Ht and Mt, Ht and Yt in 
VFR(k1). Furthermore, the other parameters also had this trend. This indicates that the influence of parameter change 
on the VFR value in soft surface was greater than that of medium and hard surface. And Figure 3(a) and (c) show 
that the VFR value strongly depends on the trials especially in subject H.  Although H6 and H7 had almost same 
running velocities, the VFR values of them are quite different. One reason for the small range of VFR values 
between trials in subject E may be due to the narrow range of running velocities in subject E (1.39m/s) compared to 
that of in subject H(3.14m/s).  
4. Discussion and Conclusions 
As described before, the differences of FR and VFR values between trials may be due to the wide variation of the 
runner parameters. Additionally, the wider FR and VFR values were observed in soft surface. And in our previous 
Fig. 2. The variation of relative force reduction (RFR) value when the magnification of the parameter was changed from 0.97 to 1.03 from 
original value in parameter k0 and c1 with subject H. 
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study, the variations of the runner parameters were decreasing with increasing the running velocities [8]. In other 
words, the runner parameters can be varied widely in lower running velocities because a runner can choose various 
manners of running, i.e. hopping or rapid walk. From these results, the shock attenuation properties should be 
considered carefully even in case of soft surface which is usually used for non-competitive activities, because the 
combination of lower running velocities and softer surface can produce the wider variation of FR and VFR values.  
In this study, the runner-surface coupled system and parameter sensitivity test were used for considering the force 
reduction of passive load in ground reaction force. The results were as follows: 
• There were quite differences of FR and VFR values between trials even in almost same running velocities. 
• FR and VFR values of soft surfaces are significantly bigger than that of hard surface. 
• The shock attenuation properties should be considered carefully even in case of soft surface. 
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Fig.3. VFR(Variation of Force Reduction) of k1 and cc in subject H and E. 
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